The concentration--response relationship describes the important pharmacodynamic connection between drug concentration and biological effect.^[@ref1]^ The classic assumption for the concentration--response relationship is that a drug is ineffective at low concentrations, moderately effective at intermediate concentrations, and reaches a maximum level of efficacy at higher concentrations, which it subsequently retains. A quantitative graph of this relationship typically gives a sigmoidal curve (Figure [1](#fig1){ref-type="fig"}), the characteristics of which have been studied and defined for 70 years.^[@ref2]−[@ref4]^ However, some drugs and reagents do not exhibit the classic concentration--response correlation and instead show "bell-" or "U-shaped" curves, which are nonsigmoidal and have a "non-monotonic dose response".^[@ref5]^

![Concentration--response curve shapes relate drug concentration to the level of antagonist (inhibitory) or agonist (stimulatory) effect. (A) Classic sigmoidal dose--response curves depict an increase in effect with increasing drug concentration. (B) Non-monotonic "U-shaped" and "bell-shaped" dose--response curves. Drug efficacy increases with increasing concentration to a maximum level, above which the effect is diminished.](cb-2013-007584_0002){#fig1}

Though bell-shaped concentration--response curves are not the rule, neither are they the exception, and there are well over 1000 citations to molecules with this behavior in the literature. Familiar examples of bell-shaped curves include those in endocrine disruption: the concentration--response relationship for androgens often depicts agonist effects at low concentrations and antagonist effects at high concentrations.^[@ref6]−[@ref8]^ For example, 5α-dihydrotestosterone, 17β-estradiol, and progesterone, tested *in vitro*, induce cell proliferation of human prostatic carcinoma at low concentrations but inhibit proliferation at high concentrations.^[@ref8]−[@ref10]^ The hermetic dose--response relationship for androgens is theorized to result from receptor binding-activation at low concentrations and chromatin rearrangement-quiescence at high concentrations.^[@ref11]^ In contrast, many chemical agents are beneficial at low concentrations but detrimental at higher concentrations.^[@ref12]^ For instance, allixin improves the survival and proliferation of primary neurons from embryonic rats at low concentrations but causes cell death at high concentrations.^[@ref13]^ Other U-shaped curves result from a single drug having more than one mechanism of action. Genistein has been reported to both activate and inhibit cystic fibrosis transmembrane conductance regulator (CFTR) by binding through multiple sites. CFTR activation dominates at low genistein concentrations, while inhibition dominates at high concentrations.^[@ref14]^ These and other explanations offer classical mechanisms through which bell-shaped curves may be understood. Still, for most molecules, such mechanisms have not been proffered, and thus the unusual bell-shaped concentration--response curves for many reagents remains to be elucidated.

Whereas biological mechanisms, such as actions at multiple targets, have been explored to explain bell-shaped concentration--response curves, the role of the physical behavior of the reagents has received little attention. Over the past decade it has become apparent that the self-association of organic molecules into colloidal particles can drastically change their behavior in biological assays.^[@ref4],[@ref15]−[@ref21]^ Originally described as one of the problems^[@ref22],[@ref23]^ affecting purified proteins in biochemical assays, small molecule colloids have recently been shown to affect behavior in cell-based infectivity assays,^[@ref24]^ in environments simulating those of the stomach and small intestine,^[@ref25],[@ref26]^ and in cell culture media.^[@ref27],[@ref28]^ Anticancer drugs such as fulvestrant, sorafenib, and crizotinib, among others, have critical aggregation concentrations (CACs) of 0.5--20 μM. Below their respective CACs, the drugs exist in a classic monomeric form where, at sufficiently high (monomeric) concentrations, they are toxic to cells; however, above their CACs, these drugs form colloidal aggregates that are substantially less cytotoxic in cell assays.^[@ref27]^ Thus, as the concentration of these drugs is raised, cytotoxicity rises monotonically and sigmoidally until their CAC is reached, at which point cytotoxicity plateaus or even begins to drop.^[@ref27]^ This observation prompted us to wonder whether colloid formation might explain bell-shaped concentration--response curves among drugs and reagents more generally.

Here we investigate the concentration--response of three anticancer drugs known to form colloids, fulvestrant, sorafenib, and crizotinib, over a range of concentrations to establish their full concentration--response profiles. We find that each of these three drugs displays the non-monotonic "bell-shaped" curves under conditions where they transition into colloidal aggregates, whereas they display typical monotonic sigmoidal concentration--response curves when maintained in their monomeric state. At the same time, we identify several reagents with bell-shaped curves from the literature and show that they too form colloidal aggregates. To understand the mechanistic basis of these bell-shaped curves, we investigate the diffusion of colloidal species across cell membranes and find that they are physically excluded from passive diffusion, which contrasts with the passive diffusion of free monomeric drug across the cell membrane and its consequent efficacy.

Results and Discussion {#sec2}
======================

Colloidal Formulations Exhibit Bell-Shaped Concentration--Response Curves in Cell Proliferation Assays {#sec2.1}
------------------------------------------------------------------------------------------------------

Considering that drug efficacy varies with concentration, we evaluated the correlation of colloid formation with cytotoxicity of three anticancer drugs, paying specific attention to drug effects both above and below the critical aggregation concentration. We tested the antiproliferative activity of the three known aggregators (fulvestrant, sorafenib, and crizotinib) over a broad concentration range by preparing these drugs as both colloidal and monomeric formulations. The formulations that transitioned from monomer to colloid above their CAC values were simply the drugs themselves, dissolved in DMSO, delivered without additional excipients into cell culture media. Final colloidal formulations contained 0.1% DMSO/media stocks ([Methods](#sec4){ref-type="other"}). The formulations that remained monomeric throughout the dosing range included 0.025% v/v of the nonionic detergent Ultra-Pure polysorbate 80 (UP 80); in previous studies^[@ref27]^ and controls conducted here ([Supplemental Figure S1](#notes-2){ref-type="notes"}), this mild detergent has no observable effect on cell behavior. At low concentrations, the concentration--response profile is similar between both "monomeric" and "colloidal" formulations. In contrast, at higher concentrations, the drugs lose efficacy, exhibiting the common U-shaped curve observed in the literature. We attribute this loss in activity to the drugs being in colloidal form (Figure [2](#fig2){ref-type="fig"}). For example, at 1 μM concentration of sorafenib, both formulations inhibit the proliferation of MDA-MB-231 cells by about 65% relative to untreated controls; however, at 10 μM concentration of "colloidal" sorafenib, inhibition of cell proliferation was almost entirely eliminated, likely because the drug had crossed its critical concentration of 3.5 μM and had adopted a colloidal form. Conversely, by 10 μM of monomeric sorafenib, proliferation was inhibited by almost 90%, that is, sorafenib in its free form continued to have a classic, monotonic concentration--response curve. The same pattern was observed with all three drugs and all four cell lines tested. Notably, the loss of activity of the colloidal-transition formulation correlates closely with the CAC for each drug. For fulvestrant, the measured CAC is 0.5 μM, and we observe a loss of activity at 0.1 μM in two estrogen receptor positive cell lines in which fulvestrant is known to act, MCF7 and BT474.^[@ref29]^ Likewise, crizotinib, with a CAC of 19.3 μM, loses activity between 10 and 100 μM in the T47D ductal carcinoma cell line. In all cells tested, the addition of UP 80 to the drug formulations prevents colloidal formation and preserves the expected activity of the monomeric drug at higher concentrations. In the absence of UP 80, these same drugs form colloids at higher concentrations, and at these concentrations, drug activity is lost.

![Concentration--response curves for colloidal formulations of anticancer drugs are U-shaped. (A) Fulvestrant was tested in two different cell lines: MCF-7 and BT-474. A distinct loss of activity is seen at concentrations ≥1 μM. (B) Sorafenib was tested in MDA-MB-231 cells and shows a loss of activity at concentrations ≥10 μM. (C) Crizotinib was tested in T47D cells and begins to lose antiproliferative activity at 10 μM (mean ± standard deviation; *n* = 6).](cb-2013-007584_0003){#fig2}

To ensure that the low amount of surfactant used to disrupt the colloids did not affect cell membrane integrity ([Supplemental Figure S2](#notes-2){ref-type="notes"}), we treated cells with and without UP 80 detergent and monitored cell uptake of solid 100 nm fluorescent nanoparticles (FluoSpheres) (Figure [3](#fig3){ref-type="fig"}A). These solid particles are unaffected by UP 80, and thus any difference in cell uptake is directly related to changes in membrane permeability. Importantly, there is no significant difference in the number of fluorescent particles per cell: ∼1 particle/cell was detected for all conditions and cell types, demonstrating that the UP 80 did not affect cell permeability of colloids but rather affected only colloidal stability, as nonionic detergents at *low concentrations* have previously been shown to do.^[@ref30]−[@ref32]^ The numbers of cells and particles per cell were quantified from confocal images (Figure [3](#fig3){ref-type="fig"}B and C).

![Ultrapure polysorbate 80 (UP 80) neither permeabilizes cells nor increases the cell uptake of fluorescent nanoparticles, demonstrating that the cell membrane of healthy cells is unaffected by UP 80. (A) Four different cancer cell lines were cultured for 24 h in media with 10^7^ fluorescent solid nanoparticles/mL under colloidal conditions (media alone) or monomeric conditions (media containing UP 80). Irrespective of cell type, no significant difference in the number of fluorescent particles per cell was detected: ∼1 particle/cell was detected for all conditions and cell types. The number of cells and number of particles taken up by cells was quantified by directly counting confocal images (*n* = 6, mean ± SD, scale bar = 10 μm). (B) Representative images of MDA-MB-231 cells cultured under colloidal conditions: 0.1% DMSO, no UP 80. (C) Representative images of MDA-MB-231 cells cultured under monomeric conditions: 1% DMSO, with 0.025% UP 80.](cb-2013-007584_0004){#fig3}

Some Known Reagents with Bell-Shaped Curves Form Colloidal Aggregates {#sec2.2}
---------------------------------------------------------------------

Given that known colloid formers such as fulvestrant, sorafenib, and crizotinib exhibit bell-shaped curves, will the reverse logic also hold? Do reagents known to have bell-shaped curves form colloidal aggregates? To investigate this question, we surveyed the literature for compounds that had bell-shaped concentration--response curves. Over 1000 scholarly papers were found that described reagents with such behavior (see [Methods](#sec4){ref-type="other"}). Two of these compounds, fulvestrant^[@ref27]^ and genistein,^[@ref33]^ have previously been shown to be aggregating molecules. We acquired 10 more compounds, whose bell-curve behavior was largely unexplained, and tested whether they formed colloidal aggregates at relevant concentrations. Three of these compounds formed colloids with radii ranging from 24 to 82 nm as measured directly by dynamic light scattering (DLS).^[@ref4],[@ref30]^ Their CAC values were within the range of concentrations observed for their cellular activities, often close to the maximum activities reported in their bell-shaped concentration--response curves (Table [1](#tbl1){ref-type="other"}). For example, the concentration--response of the well-known flavonoid natural product genistein against MCF7 cells is bell-shaped, reaching maximum activity at 50 μM. By DLS, genistein forms colloidal particles with a CAC value of 150 μM (Table [1](#tbl1){ref-type="other"}).^[@ref34]−[@ref36]^ This same pattern of lost drug activity at higher concentrations was observed with the other four reagents listed in Table [1](#tbl1){ref-type="other"} and previously observed to have bell-shaped concentration--response curves.

###### Compounds with Bell-Shaped Curves Described in the Literature That Form Colloids

![](cb-2013-007584_0006){#fx1}

Measured as part of this study.

Approximate concentration shown in referenced paper.

Mechanistic Basis: Colloidal Particles Do Not Diffuse through Intact Cell Membranes {#sec2.3}
-----------------------------------------------------------------------------------

We suggest that colloid-forming molecules lose activity in cell culture because they cannot, in their colloidal form, cross the membranes through which their monomeric forms passively or actively diffuse. To investigate this hypothesis, we treated cells for 24 h with the dye Evans blue under conditions when it was predominantly either monomeric or colloidal and measured the fluorescence intensity of the dye in the cells by confocal microscopy (Figure [4](#fig4){ref-type="fig"}A and B). Fascinatingly, Evans blue is only detected in live cells when it is in the primarily monomeric form, and not when it is in the primarily colloidal form.

![Evans blue colloids do not pass through intact cell membranes but enter cells in monomer form or pass through permeabilized cell membranes as colloids. (A) No fluorescence is detected in live cells exposed to Evans blue colloids. (B) Low fluorescence is detected in live cells exposed to Evans blue monomer, indicating that free, monomeric dye diffused passively into the cell. (C) Intense fluorescence is detected in cells permeabilized with 0.25% Triton X-100 and then treated with Evans blue colloids, after detergent washout, indicating that dye colloids are able to pass through dead cells. (D) Intense fluorescence is detected in cells permeabilized with 0.25% Triton X-100 and treated with Evans blue monomer. (Representative images shown of MDA-MB-231 cells; scale bar = 10 μm.) As we have not corrected for the differential fluorescence of the monomeric and colloidal forms of the dye, these images support only a qualitative analysis of this effect.](cb-2013-007584_0005){#fig4}

The simplest explanation for colloidal exclusion from membrane diffusion is that colloidal aggregates are too large for passive diffusion. We used Evans blue as a model drug-colloid because it is fluorescent, facilitating cell analysis. Evans blue colloids have an average radius of 125 nm^[@ref37]^ and thus would have to be taken into cells by pinocytosis, instead of simple diffusion.^[@ref38]^ Given the lack of colloidal Evans blue in healthy cells, pinocytosis did not occur at detectable levels. Formulation with UP 80 disrupts colloids, thereby resulting in a higher concentration of monomers that are able to pass through the cell membrane by diffusion. To ensure that Evans blue can diffuse through dead or dying cells, as has been observed for numerous decades, we observed that both the colloidal and monomeric forms of Evans blue readily pass through permeabilized cell membranes (Figure [4](#fig4){ref-type="fig"}C and D). The exclusion of colloidal Evans blue from healthy, intact cells provides a likely explanation for the decreased efficacy of the colloidal drugs studied here: that colloidal drugs, like Evans blue, are unable to penetrate healthy cell membranes and are thus inefficacious. Indeed, the exclusion of Evans blue colloids may illuminate the mechanism of other related dyes, such as Trypan blue ([Supplementary Figure S2](#notes-2){ref-type="notes"}), which is widely used in toxicological screens^[@ref39]^ (as is Evans blue^[@ref40]^). In the Trypan blue dye exclusion assay, cells are deemed dead if stained by the dye and deemed living if not stained by the dye. We have found that Trypan blue, with a CAC of 30 μM, forms colloids at the high concentrations used for exclusion assays; we suggest that, like its cousin Evans blue, the membranes of healthy cells are impermeable to Trypan blue colloids, which can only pass through the membranes of dead or damaged cells. If true, this would provide a mechanistic basis for the activity of a reagent that has been widely used for almost a century.

While colloidal exclusion almost certainly accounts for loss of activity, the fact that activity reverts to zero rather than flat-lining at an apparent maximum is intriguing. Drawing parallels to surfactant systems (*e.g.*, liposomes, micelles, niosomes), aggregated drug in colloid form is in dynamic equilibrium with the unassociated free drug monomer in solution.^[@ref16],[@ref37],[@ref41]^ At concentrations below the CAC, the monomer can freely diffuse and interact with proteins, including the cell membrane; however, at concentrations above the CAC, the binding of monomer to the cell membrane competes with monomer self-aggregation to colloids.^[@ref16],[@ref42]−[@ref45]^ Typically, the free-energy change of self-aggregation is much more negative than the free-energy change for protein-monomer binding.^[@ref43],[@ref46],[@ref47]^ As such, as concentrations rise substantially above the CAC, we speculate that monomer is tied up in the aggregate-monomer exchange and is not available to interact with or enter the cell. This phenomenon has been observed for various nonionic surfactants: at concentrations below their respective critical micelle concentration (CMC), surfactants cause increased permeability and uptake of fluorescent probes,^[@ref48]^ or even toxicity,^[@ref49]^ in Caco-2 cell cultures. Conversely, above each surfactants' CMC, these effects are removed; cell cultures show negligible permeability^[@ref48]^ and negligible toxicity.^[@ref49]^

Certain caveats merit discussion. Although colloid formation can lead to bell-shaped concentration--response curves and the bell-shaped curves of some reagents can be explained by colloidal aggregation, we do not argue that all bell-shaped concentration--response curves are explained by colloidal aggregation or even that all colloidal aggregators will have bell-shaped curves in cell culture. Many reagents have bell-shaped curves through action on multiple, counter-balanced targets or even binding at multiple-sites on a single target; this may explain the bell-shaped curves of the seven compounds tested here that were not observed to aggregate ([Supplementary Table S3](#notes-2){ref-type="notes"}). Likewise, some aggregating molecules will form colloids outside of the range relevant for cellular activity and so will not exhibit a bell-shaped curve. Finally, in cell-culture experiments where one is studying membrane-bound receptors, especially in serum-free media, one may expect to see substantial affects by colloid-forming reagents.^[@ref33]^

Taken together, the observations that known colloid-forming molecules have bell-shaped concentration--response curves in cell-based assays and that, reciprocally, at least some reagents known to have bell-shaped concentration--response curves form colloidal aggregates support the idea that bell-shaped concentration--response curves in cell-based assays can result from colloidal aggregation of the molecule itself.

Conclusions {#sec3}
-----------

While we do not argue that all bell-shaped curves are explained by colloidal aggregation, this should not obscure the likelihood that many bell-shaped concentration--response curves can be explained by this mechanism. Many drugs and reagents, at micromolar and submicromolar concentrations, aggregate into large colloidal particles. Such colloids cannot diffuse across the cell membrane, and as their concentration rises they act as sinks for even the free monomer, leading to a bell-shaped concentration--response. It is common to seek target-based mechanisms for these often baffling curves. While this may be warranted, establishing the plausibility of such target-based mechanisms demands extensive study. A virtue of the colloidal hypothesis is that colloids are rapidly detected and readily disrupted. Though colloid formation will not explain the bell-shaped activity of every reagent, those to which it does pertain can be easily demonstrated. One may subsequently adopt simple formulations that avoid it, revealing the unobscured behavior of the monomeric drug. Correspondingly, colloidal aggregation appears to be central to specific staining by cell and tissue reagents, such as Evans blue and Trypan blue, illuminating their specific mechanism of action after over 70 years of widespread use.

Methods {#sec4}
=======

Fulvestrant and sorafenib were purchased from AK Scientific (Mountain View, CA); crizotinib from Selleck Chemicals (Houston, TX); rosmarinic acid, donepezil, and rosiglitazone from Santa Cruz Biotechnology (Dallas, TX); ketotifen, verapamil, genistein, and GLP-1R agonist from Sigma-Aldrich (St. Louis, MO); benzoquinoline from Spectrum Chemicals (New Brunswick, NJ); AFP 07 from Caymen Chemical (Ann Arbor, MI); phenol red from Amresco (Solon, OH); tetrahydroberberine from Vitas-M (Moscow, Russia). Ultrapure polysorbate 80 (UP 80) was purchased from NOF Corporation (White Plains, NY). Dulbecco's phosphate buffered saline (DPBS) and RPMI 1640 cell culture media were purchased from Multicell Technologies (Woonsocket, RI). Charcoal-stripped Fetal bovine serum (FBS) was purchased from Sigma-Aldrich (St. Louis, MO). Cell lines MDA-MB-231 (HTB-26), MCF-7 (HTB-22), SK-BR-3 (HTB-30), and BT-474 (HTB-20) were purchased from ATCC (Manassas, VI). MTS cell proliferation assay was purchased from Promega (Madison, WI). Duke Standards NIST Traceable Polymer Microspheres were purchased from Thermo Scientific. FluoSpheres fluorescent nanoparticles were purchased form Life Technologies (Burlington, ON). All other chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) or TCI America (Portland, OR).

Drug Formulations {#sec4.1}
-----------------

RPMI 1640 cell growth media with 10% charcoal-stripped fetal bovine serum (FBS) was used for all experiments. Stock solutions of each drug were prepared in DMSO. For colloidal formulations, stock solutions (2 μL) were combined with RPMI media (1998 μL) to give 1000-fold dilutions with 0.1% DMSO. For noncolloidal (free drug) formulations, stock drug solutions (2 μL) were first diluted 10-fold in DMSO and then mixed with RPMI media (1979.5 μL) and Ultrapure Polysorbate 80 (UP 80) (0.5 μL) to give 1000-fold drug dilutions with 1% DMSO (v/v) and 0.025% UP 80 (v/v). Vehicle controls were prepared in the same manner.

Cell Culture {#sec4.2}
------------

Cell lines were maintained (\<8 passages) in a tissue culture incubator (37 °C, 5% CO~2~, 95% humidified) in plastic culture flasks in relevant growth medium: MDA-MB-231 and BT-474 in RPMI 1640, MCF-7 in AMEM, and SK-BR-3 in McCoys 5A. All growth media was supplemented with 10% FBS, 10 U/mL penicillin, and 10 μg/mL streptomycin.

Concentration--Response Proliferation Assays {#sec4.3}
--------------------------------------------

Cells were seeded at 10,000 cells/cm^2^ and allowed to adhere overnight. Drug formulations (described above) and control medium were made fresh and exchanged every 12 h for a total incubation of 72 h. Cells were then washed with fresh RPMI media, and proliferation was determined using MTS assays according to the manufacturer's instructions or by directly counting the number of cells from fluorescent micrographs (nuclei stained with DAPI). Relative cell proliferation is defined as (absorbance of treated cells)/(absorbance of untreated cells) × 100.

Fluorescent Microparticle and Evans Blue Uptake {#sec4.4}
-----------------------------------------------

Nanoparticle solutions contained 10^7^ particles/mL (FluoSpheres ) in colloidal media (0.1% DMSO in RPMI 1640 with 10% FBS) or free drug media (1% DMSO and 0.025% UP 80 in RPMI 1640 with 10% FBS). For Evans blue uptake studies, Evans blue solutions (50 mM) were made in the same media formulations above (colloidal and drug free media). Cells were seeded at 10,000 cells/cm^2^ and allowed to adhere overnight with nanoparticle solutions. For Evans blue permeabilization studies, cells were first treated with 0.25% Triton-X 100 in RPMI 1640 for 1 h, washed, and then treated with Evans blue solutions. After incubation for 24 h, cells were washed several times with DPBS, fixed in 4% paraformaldehyde (PFA) for 1 h, and mounted in media containing DAPI (Vectasheild, Vector Laboratories, Burlingame, CA).

Confocal Microscopy Imaging and Processing {#sec4.5}
------------------------------------------

Cells were imaged by confocal microscopy on an Olympus FV1000 at 60× magnification, using the following excitation and emission wavelengths: for DAPI, excitation at 405 nm, emission at 460 nm; for FluorSpheres, excitation at 560 nm, emission at 580 nm; for Evans blue, excitation at 560 nm, emission at 675 nm. Z-stacks of cells were collected with 0.5 μm steps between images, and all planes were quantified by directly counting cell nuclei and fluorescent particles.

Dynamic Light Scattering {#sec4.6}
------------------------

Colloid radii and critical aggregation concentrations (CACs) for fulvestrant, GLP-1R agonist, phenol red, and tetrahydroberberine were determined using a DynaPro MS/X (Wyatt Technology) as previously described.^[@ref16]^ Radii and CACs for genistein, Evans blue, and Trypan blue were determined using a DynaPro Plate Reader II (Wyatt Technology). Samples were made by diluting 100× DMSO stocks into 50 mM potassium phosphate, pH 7.0. Light scattering intensities (counts/second) were plotted versus compound concentration; the intersection of the lines below and above CAC were equated to find the CAC value. The values reported are the means and standard deviations obtained from three independent experiments.

Graphing and Statistics {#sec4.7}
-----------------------

All statistical analyses were performed using Graph Pad Prism version 5.00 for Windows (Graph Pad Software, San Diego California USA, [www.graphpad.com](www.graphpad.com)). Differences among groups were assessed by one-way ANOVA with Bonferroni *post hoc* correction to identify statistical differences among three or more treatments. Alpha levels were set at 0.05, and a *p*-value of ≤0.05 was set as the criteria for statistical significance. All data are presented as mean ± standard deviation.

This material is available free of charge via the Internet at <http://pubs.acs.org>.
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